Over the past twenty years, our research group has been studying the chemical constituents of mushrooms. From nineteen (Bull.) Fr. (Russulaceae), Sarcodon aspratus (Berk.) S. Ito (Thelephoraceae), Tricholoma matsutake (S. Ito et Imai) Sing. (Tricholomataceae), and Tricholoma portentosum (Fr.) Quel. (Tricholomataceae), we isolated eight new sesquiterpenoids, six new meroterpenoids, three new triterpenoids, and twenty eight new sterols. In this review, structural features of these new compounds are discussed.
Terpenoids are widespread natural products that are formed from C 5 isoprene units leading to their characteristic branched chain structure. Terpenoids are divided into families on the basis of the number of isoprene units from which they are formed. Thus there are monoterpenoids (C 10 ), sesquiterpenoids (C 15 ), diterpenoids (C 20 ), sesterterpenoids (C 25 ), triterpenoids (C 30 ) and carotenoids (C 40 ). Sterols, essential eukaryotic constituents, are biosynthesized through triterpenoids [1] . Fungi are widespread, non-photosynthetic microorganisms that play a vital role in the environment, particularly in the biodegradation of organic material. The higher fungi, the mushrooms, develop complex and readily observable structures known as fruiting bodies. These sprout from their mycelium, particularly in the autumn, and produce spores. The higher fungi can be divided into the Ascomycetes and the Basidiomycetes. In the Ascomycetes, the spores are borne in a saclike structure known as an ascus. Some of the best known of the higher fungi are Basidiomycetes. Here the spores are borne in special distinctive fruiting bodies [2] . Mushrooms are widely consumed not only as foods but also as alternative medicines. The fungus-specific constituents of mushrooms are thought to be effective against cancer and other lifestyle-related disease [2] . Mushrooms have proven to be one of the most important sources of bioactive compounds such as flavors, alkaloids, terpenoids and sterols, with intriguing structures [2] . In a continuation of our studies of the chemical constituents from mushrooms, eight new sesquiterpenoids, six new meroterpenoids, three new triterpenoids and twenty eight new sterols have been obtained and characterized from nineteen species of mushrooms, namely, In this review, we describe our studies on the isolation and structure determination of the new metabolites from the above mushrooms. Russula delica Fr. is known as an edible mushroom in Japan. Its constituents have been previously investigated, not only in Japan, and shown to include protoilludane-type sesquiterpenoids [8] [9] [10] . It has been reported that the extract of the fruiting bodies of this mushroom can inhibit 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced inflammatory ear edema in mice [11] .
Fractionation of the diethyl ether extract of the fruiting bodies of R. delica resulted in the isolation of a new norsesquiterpenoid, russulanorol (7) , and eight known sesquiterpenoids, lactarorufin A (5), blennin C (8), furandiol (9), lactarorufin B (10), lactarolide A (11), 14-hydroxylactarolide A (12), 3-O-methyllactarolide B (13) , and isolactarorufin (14) ( Figure 2 ) [12, 13] . This is the first example of the isolation of compounds Compound 7 is an equilibrium mixture of two stereoisomers (7a, b) on the C-11 acetal carbon. Compound 7 was treated with acetic anhydride-pyridine to afford a sole diacetate 15 ( Figure 2 ), which was used for structural analysis of 7. The planar structure of 15 was established by 1 H-1 H COSY and HMBC spectra. The relative stereochemical structure was determined as follows. A molecular model reveals that, by its formation, the tricyclic system (rings B, C, and D) itself sets up the relative configurations at the chiral centers C-3, C-5, C-6, and C-10 ( Figure 3 ). In the difference NOE experiment, irradiation at H-7 caused NOE enhancement of the signals of H-2 and H-11. These NOEs implied a cis-junction for the A/B rings and an -orientation of the acetoxyl group at C-11 ( Figure 3 ). Furthermore, irradiation at H-8 caused NOE enhancement in the signals of H-1and H-4. These NOEs exhibited the conformation of 15 depicted in Figure 3 . This conformation was supported by W-type long-range couplings between H-1 and H-8(J = 2.2 Hz), and between H-2 and H-4 (J = 2.0 Hz). The relative stereochemical structure of 15 is, therefore, represented as shown in the formula (Figure 3 ). Treatment of 7 with pyridinium chlorochromate (PCC) -Al 2 O 3 in benzene gave a -lactone 16 (Figure 2 ). The CD spectrum of 16 showed a positive Cotton effect at 217.5 nm ( +3.28). The application of the lactone sector rule [14] to 16 suggests that the expected sign of the Cotton effect should be positive. Thus, the absolute structure of 7 was determined. Compound 7 has a previously unknown carbon skeleton: we propose the name "russulane" for this new skeleton. A possible biosynthetic pathway for the carbon framework of 7 is shown in Scheme 1. The loss of one carbon atom (C-8 or C-13) from secolactarane gives rise to a monocyclic carbon skeleton A, which is able to form a new carbon -carbon bond between C-5 and C-9, resulting in the formation of a russulane-type carbon skeleton. The co-occurrence of 7 with 8 in the same mushroom reinforces this hypothesis.
Secolactarane 8 13 Loss of C-8 or C-13 (Figure 2 ). The formation of compound 17 can be considered to take place through an intermediary oxirane 20 (Scheme 2) [15] . (Bull.) Fr. ( Figure 5 ) [17] . The structures of the new compounds were established by spectroscopic methods, especially 2D-COSY NMR and MS analyses. Although sesquiterpenoids of several types have been isolated from the genus Russula, this is the first example of their isolation from R. sanguinea.
Meroterpenoids:
The term meroterpenoid was first applied by Cornforth, in 1968, to describe natural products of mixed biosynthetic origin which are partially derived from terpenoids [18] . The prefix mero-(from Greek merus) means 'part, partial or fragment' and, therefore, a number of secondary metabolites can be described as meroterpenoids [19] . Hericium erinaceum (Bull.: Fr.) Pers. (Hericiaceae) is known as an edible mushroom. Its constituents have been previously investigated and shown to include meroterpenoids [20] [21] [22] [23] [24] [25] , some of which, including hericenone A (32) [20, 26] , were found to have significant cytotoxicity against HeLa cells and to stimulate activity of the synthesis of the nerve growth factor.
The diethyl ether extract of the fruiting bodies of Hericium erinaceum (Bull.: Fr.) Pers. was purified by silica gel column chromatography and HPLC to yield six new meroterpenoids, 5-
]benzopyran (31) and a known compound, hericenone A (32) ( Figure 6 ) [27] [28] [29] . The structures of the new compounds were determined by UV, IR, 1 H-and 13 C-NMR spectroscopy, with the aid of DEPT, 1 H-1 H COSY, HMQC, HMBC, and NOESY experiments, and MS analyses.
Compound 26 appears to have a mixed biogenetic origin with the C-1′ -C-10′ portion arising from geranyl pyrophosphate and the aromatic ring from the polyketide pathway. Although several geranylated phenols of this general biogenetic class have been reported as characteristic constituents of H. erinaceum, nitrogencontaining examples are rare. Hericerin (33) [23, 24, 30, 31] and hericenone B (34) [20, 25] are the only other known members of this class ( Figure 6 ).
Despite the presence of an asymmetric carbon at C-3′, the specific rotation of compound 27 was almost zero, suggesting its racemic nature. This was proved by chiral reverse-phase HPLC, in which 27 was separated into two peaks in a ratio of 1 : 2)], confirming their enantiomeric relationship or, in other words, the racemic nature of our initial preparation [28] .
Triterpenoids:
Triterpenoids occur in all major groups of organisms from fungi to humans as secondary metabolites. Many of them possess biological activities and have been utilized as key lead compounds in drug development [32] . 
Sterols:
Just as cholesterol is a widespread mammalian sterol, which plays an important role in membrane structures, so ergosterol (43) ( Figure 8 ) and its esters are found in fungal cell walls [2] . Lanosterol (44) (Figure 8 ) has been established as its precursor [1] . The  5,7 diene of 43 is very sensitive to oxidation. Ergosterol peroxide (45) and a substantial number of other oxidation products, such as cerevisterol (46), have been found as fungal metabolites (Figure 8 ). In an enzyme-based ELISA NF-B assay, compounds 43, 45 and 46 showed potent NF-B inhibitory activities with IC 50 values of 2.0, 4.6 and 5.1 M, respectively, while the positive control rocaglamide exhibited an IC 50 value of 2.0 M [38] . [43] . Comparing the 1 H-and 13 C-NMR spectra of 50 with those of 48, we observed that compound 50 contained one more hydroxyl group whose position and configuration were determined as follows. In the HMBC spectrum, a cross peak was observed between the H 3 -18 methyl group and C-14, confirming that this hydroxyl group is attached at C-14. In the 13 The 1 H-and 13 C-NMR data of 51 were similar to those of compound 49, except for the presence of the trisubstituted double bond. The position of this double bond was determined as follows.
In the HMBC spectrum, long-range C-H correlation was observed from the H 3 -18 methyl group to C-14. The UV spectrum showed an absorption maximum at 247 nm. These spectral data indicated that the trisubstituted double bond is  14 . The 5,6-epoxy-3,7dihydroxy- 8, 14 moiety is unprecedented in the natural sterols previously known.
Fractionation of the diethyl ether extract of the fruiting bodies of the edible mushroom Grifola frondosa (Fr.) S. F. Gray (Polyporaceae) resulted in the isolation of a new compound, 5,6-epoxy-(22E)ergosta-8(14),22-diene-3,7-diol (52) ( Table 1 ) [45] . Compound 52 was also isolated from the medicinal mushroom Ompharia lapidescens Schroeter (Polyporaceae), which is used as a vermifuge in Japan [46] . [46] . The structures of 54 and 55 were established by spectroscopic methods, especially 2D-COSY NMR, and MS analyses. This is the first report of the isolation of 5,6;8,9-diepoxy sterols from a fungal source. Their counterparts have been previously reported from marine sponge Homaxinella sp. [47] . Further investigation of the diethyl ether extract of the fruiting bodies of Hypsizigus marmoreus (Peck) Bigelow (Tricholomataceae) resulted in the isolation of two new sterols having a 5,9-epidioxy group, 5,9-epidioxy-3-hydroxy-(22E)-ergosta-7,22-dien-6-one (56) and 5,9-epidioxy-3hydroxyergost-7-en-6-one (57) ( Table 2 ) [43] . Fractionation of the diethyl ether extract of the fruiting bodies of Panellus serotinus (Pers.: Fr.) Kuhn. (Tricholomataceae) resulted in the isolation of two new sterols, 5,9-epidioxy-(22E)-ergosta-7,22-diene-3,6diol (58) and 5,9-epidioxy-(22E)-ergosta-7,22-diene-3,6-diol (59) ( Table 2) [36] . A new compound, 5,9-epidioxy-8,14epoxy-(22E)-ergosta-6,22-dien-3-ol (60) ( Table 2) was isolated from the diethyl ether extract of the fruiting bodies of the edible mushroom Pleurotus eringii (DC.: Fr.) Quel. (Pleurotaceae) [48] . Compounds 56 -60 are the first example of a naturally occurring 5,9-epidioxy sterol.
The 13 C NMR spectrum of 56 contained twenty-eight signals that included two oxygenated quaternary carbons, a ketone carbonyl and olefinic signals. The chemical shifts of two oxygenated quaternary carbons at  85.6 and 91.0 suggested the presence of an epidioxy group [49] . From the HMBC spectrum, the planar structure of 56 was deduced. The complexity and chemical shift of the hydroxylbearing methine proton at C-3 were those normally seen for 3hydroxy-5-oxygenated A/B trans sterols. These data indicated that the configuration of the epidioxy group was 5 and 9.
In the NOESY spectrum of 58, a cross peak was observed between H 3 -19 and H-6, and the configuration of the hydroxyl group at C-6 was determined to be . In the 1 H NMR spectrum of 59, the chemical shift of the H 3 -19 methyl group in C 5 D 5 N was shifted 8,14-epoxy; 6(7)-en downfield (C 5 D 5 N -CDCl 3 ; , H 3 -19, +0.32 ppm), indicating that the hydroxyl group at C-6 has a  configuration.
The planar structure of 60 was established by 1 H-1 H COSY and HMBC spectra. The relative stereochemical structure was determined as follows. The chemical shift value and the multiplicity of the hydroxyl-bearing methine proton at C-3 were those normally seen for 3-hydroxy-5-oxygenated A/B trans sterols. These data indicated that the epidioxy group was assigned as 5 and 9. In the NOESY spectrum, cross peaks were observed between H-7 and H-15; H-11 and H 3 -18; H-11 and H 3 -19; and H-15 and H 3 -18. A Dreiding model showed that an 8,14-epoxy group was the only possible structure that could account for these NOEs.
Porter et al. performed a product and mechanistic study of the radical induced oxidative damage of 7-dehydrocholesterol (7-DHC), a precursor of cholesterol ( Figure 10 ). Some fifteen oxysterols having 5,6-epoxy, 5,9-epidioxy and 5,9epidioxy-8,14-epoxy groups were identified as products. They are formed through a mechanism that likely involves hydrogen atom transfer from either C-9 or C-14 as an initial step, followed by trapping with oxygen to form peroxy radicals [50] . The UM06-2X/6-31+G** density functional theory studies on the mechanism of oxygenation of 7-DHC radical have been able to successfully rationalize the formation of the experimentally identified products formed in the oxygenation of the 7-DHC radical by triplet molecular oxygen. The majority of important oxygenated sterol formations can be rationalized by invoking the H-9 mechanism (wherein the free radical is initially generated by the abstraction of the hydrogen atom from C-9) [51] . Ergosterol (43) is a 7-DHC analogue found in fungi, suggesting that compounds 48 -60 may be formed by a free radical chain oxidation of 43 by the above mechanism. Table 3 ) [43] .
Compound 63 was also isolated from the fruiting bodies of the edible mushroom Sarcodon aspratus (Berk.) S. Ito (Thelephoraceae) [52] .
In comparing the 1 H-and 13 C-NMR spectra of compound 63 with those of 3,5,9-trihydroxy-(22E)-ergosta-7,22-dien-6-one (64) ( Table 3) , 63 contained one more hydroxyl group, the position and configuration of which was determined as follows. In the HMBC spectrum, a cross peak was observed between the H 3 -18 methyl group and C-14, confirming that this hydroxyl group is attached at C-14. In the 13 C NMR spectrum of 63, the C-17 signal appeared at  50.5, 5.6 ppm higher than that of 64 [ 56.1 (C-17) ]. This is due to the -gauche effect of the 14-hydroxyl group, indicating that the hydroxyl group at C-14 has an  configuration. Compound 63 is the first example of a naturally occurring 3,5,9,14-tetrahydroxy-7-en-6-one sterol.
Further study of the chemical constituents of Tricholoma matsutake (S. Ito et Imai) Sing. (Tricholomataceae) resulted in the isolation of a new compound, 3,5,9,14-tetrahydroxy-(22E)-ergosta-7,22dien-6-one (65), the C-14 epimer of 63 (Table 3 ) [36] .
In the 1 H NMR spectrum of 65, the chemical shift of the H 3 -18 methyl group in C 5 D 5 N was shifted downfield ( C5D5N - CDCl3 ; , H 3 -18, +0.33 ppm), indicating that the hydroxyl group at C-14 has a  configuration. Compound 65 is the first example of a naturally occurring 3,5,9,14-tetrahydroxy-7-en-6-one sterol. [43] . Compound 68 was also isolated from the fruiting bodies of the edible mushroom Lyophyllyum connatum (Schum.: Fr.) Sing. (Tricholomataceae) [53] and Russula sanguinea (Bull.) Fr. (Russulaceae) [54] .
Comparison of the 1 H-and 13 C-NMR data of 68 with those of (22E)-ergosta-7,22-diene-3,5,6,9-tetrol (69) revealed that they were identical except at C-6. In the NOESY spectrum, a cross peak was observed between the H 3 -19 methyl group and H-6, and the configuration of the hydroxyl group at C-6 was determined to be .
A new sterol, ergost-7-ene-3,5,6,9-tetrol (70) was isolated from the diethyl ether extract of the fruiting bodies of the poisonous mushroom Amanita virgineoides Bas (Amanitaceae) ( Table 4 ) [40] . Compound 70 was also isolated from Russula sanguinea [54] . Further study of the chemical constituents of Grifola frondosa resulted in the isolation of two new ergostane-type sterols, (22E)-ergosta-8,22-diene-3,5,6,7-tetrol (71) and (22E)ergosta-8(14),22-diene-3,5,6,7-tetrol (72) ( Table 4 ) [45] . The sclerotium of the medicinal mushroom Polyporus umbellatus Fries (Polyporaceae) is used as a diuretic in Japan. Fractionation of the diethyl ether extract of the sclerotium of Polyporus umbellatus resulted in the isolation of a new highly degraded sterol, 9-hydroxy-1,2,3,4,5,10,19-heptanor-(22E)-ergosta-7,22-diene-6,9lactone (73) ( Figure 11 ) [55] . The structure of 73 was established by spectroscopic methods, especially 2D-COSY NMR, and MS analyses. Compound 73 was synthesized as an intermediate in the total synthesis of 9-methoxy-1,2,3,4,5,10,19-heptanor-(22E)ergosta-7,22-diene-6,9-lactone (74) (Figure 11 ), which was isolated from the marine sponge Dictyonella incisa [56] , by Riccardis et al. [57] . (79) ( Figure 12 ) [40, 43, 44] . The structures of 75 -79 were established by spectroscopic methods, especially 2D-COSY NMR, and MS analyses. The structure of the side-chain of 75 -79 was determined from the HMBC spectrum, in which the long-range C-H correlations were observed from the H 3 -21 methyl group to C-20 and C-22; the H 3 -26 and 27 methyl groups to C-24; the H 3 -28 methyl group to C-23, C-24 and C-25; and the H 3 -29 methyl group to C-22, C-23 and C-24, confirming the presence of a 23,24dimethyl- 22 -sterol side-chain. The stereochemistry at C-22 and C-24 was assigned as E and R, respectively, by comparison with the 1 H NMR data reported for (22E)-23-methylergosta-5,22-dien-3-ol (80) ( Figure 12 ) [59] . Although a sterol with the (22E)-23,24dimethyl- 22 -side-chain has been detected in marine organisms [60] , this is the first case of the isolation of a sterol with this sidechain from a terrestrial sources.
In summary, we have been conducting the isolation and structural investigation of terpenoids and sterols from mushrooms. Forty-five new compounds (1 -4, 7, 21 -23, 26 -31, 35 -37, 47, 48, 50 -52,  54 -63, 65 -68, 70 -73, 75 -79 
